Recently we have demonstrated membrane projection lithography (MPL) as a fabrication approach capable of creating 3D structures with sub-micron metallic inclusions for use in metamaterial and plasmonic applications using polymer material systems. While polymers provide several advantages in processing, they are soft and subject to stress-induced buckling. Furthermore, in next generation active photonic structures, integration of photonic components with CMOS electronics is desirable. While the MPL process flow is conceptually simple, it requires matrix, membrane and backfill materials with orthogonal processing deposition/removal chemistries. By transitioning the MPL process flow into an entirely inorganic material set based around silicon and standard CMOScompatible materials, several elements of silicon microelectronics can be integrated into photonic devices at the unit-cell scale. This paper will present detailed fabrication and characterization data of these materials, emphasizing the processing trade space as well as optical characterization of the resulting structures.
INTRODUCTION
Fabrication of fully three dimensional structures at the micrometer scale is a challenging endeavor. Progress toward potentially transformative technologies such as metamaterials and next generation structured electromagnetic materials have been slowed due to the enormous difficulties in fabrication of the structures and geometries required at relevant size scales. For some time now, planar fabrication techniques have been used in a layer-by-layer fashion to create quasi-3D structures at the cost of a tedious fabrication process [1, 2] . Recently a small subset of 3D fabrication techniques have emerged, such as direct laser write (DLW) [3] , nano-origami [4] , and membrane projection lithography [5] [6] [7] , which are capable of creating a wide variety of differing structures by combining the fundamental process with additional processing steps.
Membrane projection lithography (MPL) is a 3D fabrication approach which uses standard cleanroom processing equipment combined with directional deposition to create 3D metallo-dielectric structures at the micron and submicron size scales. The basic fabrication sequence involves creating a suspended patterned membrane over a unit cell with three-dimensional topography (cubic, pyramidal, cylindrical spheroidal, etc), and then performing directional deposition(s) of metal through the patterned membrane onto the underlying topography. The result is a high fidelity reproduction of the membrane pattern projected onto the surface(s) of the unit cell. In this manner, micron-scale versions of the Pendry cube were created that were 1000 times smaller than their microwave counter parts, exhibiting an unambiguous magnetic resonance for a normally incident TEM wave due to the 3D nature of the unit cell. The MPL process flow used to create the Pendry cubes was an all-polymer approach, where the materials used to form the unit cells, backfill material and membrane were all polymeric. While this approach has several fabrication benefits including use of standard "low-tech" equipment and simplicity of process, working with an all polymer system presents several challenges, which make identifying a more rugged material set with inorganic materials compatible with the MPL process flow desirable. This paper describes our preliminary progress toward using dry etching to create cubic unit cells in silicon as the matrix material.
The top row of Fig. 1 contains a schematic sequence of panels showing the membrane projection lithography process, while the bottom row contains SEM images showing cross section images taken at various stages of the fabrication process. In this instance, the entire process uses organic polymers for each of the component materials of matrix (SU-8), backfill (polyimide) and membrane (PMMA). Once cross-linked and hardbaked, the SU-8 is relatively immune to chemical attack. The polyimide used as the backfill and planarization material is a 
RESULTS AND CONCLUSIONS
The success of the MPL fabrication approach depends critically on finding process-orthogonal material sets for the matrix, backfill and membrane materials. In the all-polymer system, this is accomplished by selecting an SU-8 matrix material, polyimide backfill and PMMA membrane. While successful at demonstrating proof-of-concept of the MPL approach, this all-polymer material set suffered from relaxation of the cubic matrix, into a tiled rectangular matrix after deposition and patterning of the PMMA membrane. Attempts to transition this process flow to a CMOS-compatible material set in a step-wise fashion, by replacing the lithographically patterned SU-8 matrix with an etched silicon matrix were successful in resolving the matrix relaxation issues, but uncovered failure mechanisms which were not identified in the all polymer system, the most troublesome being the formation of a gap between the silicon unit-cell walls and the polyimide backfill material. Although this gap is < 100 nm, it resulted in degradation of the PMMA membrane film as well as penetration of PMMA into the gap and subsequent deposition on the wall. The weakening of the PMMA membrane was present in both patterned (Fig. 6a.) and unpatterned (Fig. 6b.) unit cells, while the presence of the PMMA film on the wall resulted in a detectable gossamer polymer layer on the wall (Fig. 6c. ) and lack of adhesion on subsequent evaporation.
Several attempts were made to adjust the post-apply bake temperatures and times of the polyimide layer, varying the temperature from 60 C -250 C, with no noticeable effect on the gap size or prevalence. Given the long track history of backfilled MEMS-based fabrication, we are confident that these problems can be addressed using an entirely inorganic system, but the convenience and added flexibility of having a polymer backfill remains appealing. In future attempts, we will explore the success of alternative strategies for using a polyimide backfill in a silicon matrix by further adjusting backfill application and bake conditions, exploring two step deposition processes and new approaches to etchback.
